Status of Advanced Coal-Fired Power Generation Technology
Development in the U.S.

Harvey M. Nessand Soung S. Kim
U.S. Department of Energy
Federal Energy Technology Center
P.O. Box 10940
Pittsburgh, PA 15236

Massood Ramezan
Science Applications International Corporation
P.O. Box 18288
Pittsburgh, PA 15236

ABSTRACT

TheU. S. Department of Energy (DOE) isworking with private industry to develop highly advanced cod -
fired power generation sysemsthat will have sgnificantly higher thermd efficiency, superior environmentd
performance, and alower cost of electricity than current coal-fired power plants. Thegoal of the DOE
advanced power generation program isto devel op the systemsto provide 55-60% plant thermd efficiency
and to reduce the emissions of sulfur dioxide, nitrogen oxides, and particulatesto thelevel of lessthan one
tenth of the current Federal standards of New Source Performance Standards. Emissions of carbon
dioxide, agreenhouse gas, will also be reduced by up to 50% and the cost of eectricity will be 10-20%
lower than the cost of today’s plant.

Advanced systems under devel opment include low emission boiler systems (LEBS), high performance
power systems (HIPPS), integrated gasification combined cycles (IGCC), and pressurized fluidized bed
combustion (PFBC). These systems will achieve the program goal through the use of advanced
components/subsystems and an integrated design approach. Substantial advancements have been made
inthe subsystemimprovement. These power systemsrely on advanced environmental control technology
as part of the plant.

This paper reviewsthe technical achievements made to date in the devel opment of these advanced coal -
fired power generation technologies, considers further improvements, and discussesitsimpact on the
industry/environment.

13th U.S/Korea Joint Workshop on Energy & Environment, September 1999.



. INTRODUCTION

Coal-fired power plants provided 31% of al the electricity generated worldwide in 1995 and this
percentage is expected to increase to 41% by 2015 asthe world' s population grows[1]. Inthe United
States, coal is, by far, themost plentiful fossil energy resource, producing morethan half the electricity
needed in the country. Coal is estimated to last five hundred years at the present rate of use.

The U.S. Department of Energy (DOE) has the goals to use coa more cleanly, more economically, and
moreefficiently. Highly advanced cod-fired power generation syssems are being devel oped for thefuture.
Thesesystemswill provide 52-55% plant thermal efficiency (based on cod’ shigher heating value) and will
emit sulfur dioxide, nitrogen oxides, and particulates at levelsless than the current U.S. Federal New
Source Performance Standards. Theefficiency of today’ stypical plant is33-35% (HHV). By increasing
theefficiency, carbon dioxide emissionswill aso bereduced, whilethe cost of e ectricity will be 10-15%
lower thanthecost of today’ splant. Performance gods of the advanced power sysemsarelistedin Table
1.

TABLE 1. Performance Goals of Advanced Power Systems

Conventional Low Emission High Performance Integrated Gasification Pressurized
Pulverized Boiler System Power Systems Combined Cycle Fluidized
Coal-Fired Plant (LEBS) (HIPPS) (IGCC) Bed Combustion
(PFBC)
Emissions, g/GJ (Ib/10°Btu)
SO, 520 (1.2) 43(0.1) 43(0.1) 9(0.02) 43(0.2)
NO, 260 (0.6) 43(0.1) 26 (0.06) 43(0.1) 43(0.1)
Particulate 13 (0.03) 4(0.01) 1.3(0.003) 4(0.01) 4(0.01)
CO, baseline 17-22% lower 26-52% lower 20-48% 20-48%
lower lower
Solids/liquids products baseline useable by-products useable by-products useable by-products useable by-products
Efficiency (net, based on coal 33-35 42 - 45 47 - 55 42-52 42-52
HHV), %
Cost of Electricity baseline 10% lower 15% lower 10% lower 10-15% lower
Commercialization baseline 2001 2006 2015 2010

The advanced power systemsinclude low emission boiler systems, high performance power systems
(indirectly fired cycles), pressurized fluidi zed bed combustion, and integrated gasification combined cycles.
Significant improvements are being made in emissons, thermd efficiency, and cost of dectricity inthe cod-
fired plants.

This paper reviews the technical achievements made in devel oping these advanced coal-fired power
systems and discusses current research activities.



A. LOW EMISSION BOILER SYSTEMS (LEBS)

Among al of the advanced coa-fired power systems, LEBS isthe most probable near term technology
for commercial readinessin 2001. The LEBS program wasinitiated in 1992 by awarding three industry
teams[2]. The program hasfour phases. Phasel, completed in 1994, included technical and economic
evauationsof candidate plant subsystems, asystemsandysisof theentire power plant, and the preliminary
design of a commercial-scale, 400 MWe LEBS plant. In Phase |l three industry teams continued
engineering analysis and modeling activities and conducting experimental testing of plant subsystemsaat
scales of approximately 3-10 MWe. Phaselll produced the site-specific designsfor proof-of-concept
(POC) test facilities, 10-80 MWein size, and updated commercia plant designsand economicshbased on
Phasell results. Attheend of Phaselll in 1997, DOE selected oneteam, DB Riley, Inc., to continue on
to Phase 1V, which includes detailed design, construction, and operation of a80 MWe POC facility at
Elkhart, lllinois. Figure 1 shows the Riley concept of acommercia generating unit design.

The notable technica advances madein LEBS arethelow NOXx, U-fired, dagging combustion system and
the regenerable flue gas cleanup system employing copper oxide sorbents.

L ow NOx, U-fired, Slagging Combustion System  Slagging combustors produce granulated dag, which
hasaspecific volumegpproximately one-thirdthat of flyash andisessentidly inertinleaching characteristic
tests. The 1996 datafrom the American Coal Ash Association indicated that 93.3% of boiler dagisused
asblagting grit/roofing granules, whereasonly 27.4% of flyashisused mainly for cement or concrete mixes.
Slagging combustorsare a so better suited for certain types of difficult-to-burnfuel than dry systems. There
areover 50 commercia operating U-fired, dagging combustors, but NOx emissionsfrom these unitsare
high, typicaly 340-770 g/GJ(0.8-1.8 1b/10° Btu) from the high operating temperatures. Withthe Riley low
NOx burners(CCV lI), air staging, and coal reburning employed at a30 MWt U-fired test facility at the
DB Riley Research Center, NOx emissions were under 86 g/GJ (0.2 1b/10° Btu). This U-fired test facility
was used to evaluate both high-sulfur lllinois coal and medium sulfur Appalachian coal [3].

Steam Cycle Toimprovethe plant thermal efficiency, the LEBS commercia generating unit design uses
asupercritica steam cycle with main steam conditions at a pressure of 31 MPaand a temperature of
594°C (4500 psial1,100°F), and two rehedts, each at 594°C (1,100F). The supercritical steam cycle will
raisetherma efficiency to 42-45% from the current 33-35% industry average. Today, the conventional
plant isoperating at subcritical steam conditions of 16.5 M Pa/538°C (2400 psia/1000 F), and onereheat
at 538°C (1000°F).

The first coal-fired supercritical cycle began operation in 1957 in the U.S. Currently, there are
approximately 160 supercritical units, of which 116 arecoal-fired. With the exception of the Eddystone
Unit 1(325-MWe) of Philadel phiaElectric Company operating at 34.5 M Pal 655°C/565°C/565°C (5000
psi/1210°F/1050°F/1050°F) andthePhiloUnit6 (125-MWe) of American Electric Power operating
at 31 MPA/621°C/565°C/565°C (4500 psi/1150°F/1050°F 1050°F), all are designed for steam
conditionsof anominal 24.1 MPa (3500 ps) and 565°C (1050°F). Other countries, including Denmark,
Germany, Italy, the Netherlands, England, Japan, South K orea, the former Soviet Union, and China, also
have operating supercritical plantswith thermal efficienciesin the 35-40% range (HHV). Theseunits



operate at 24.1-31.0 MPa (3500-4500 psia) and 537-565°C (1000-1050°F).

With advancesin materials and boiler design, the efficiency of steam cycles can beimproved to 45%
(HHV) with main and reheat temperatures of 704°C (1300°F), and to 47% (HHV) with temperatures
of 815°C (1500°F) (see Figure 2). Materials research is being conducted to accommodate the high
temperature operation.

Copper Oxide Process Riley, aong with team member ThermoPower Corporation, is evauating a
moving-bed copper oxide process for removing both SO, and NOx from the flue gas[4]. Inthe current
design, flue gasat near 400°C (750°F) flows acraoss amoving bed of sorbent which contains copper oxide
impregnated on an duminasubstrate. The SO, reactswith the copper oxideto form copper sulfate. The
sulfated sorbent is regenerated at a temperature of 430-455°C (800-850°F) using natural gas as the
reducing agent, forming copper and evolving an off-gas with a high concentration of SO, that can be
converted to elemental sulfur, sulfuric acid, or fertilizer. Intheflue gasstream, copper isreoxidized to
copper oxide to be used again.

NOx isa so removed from the flue gas because copper sulfate actsasacatayst for the reduction of NOx
usingammonia. Recently, a1 MWt moving bed copper oxide pilot plant has been constructed and tested
at thelllinois Coal Development Park in Carbondale, Illinois. Test results showed 96-99.8% of SO,
removal and over 99% of NOx removal from the flue gas.

L EBSProof-of-Concept Plant The proposed LEBS POC plant isanew 80 MWe plant to be located
at the Turris Coa Mine near Springfield, lllinois[5]. This POC plant isatest unit for the 400 MWe
commercia generating unit design. 1t will include the Riley low NOx, U-fired dagging unit and a10 MWe
dip stream, copper oxidetest module. Because of thesize, the plant will have asubcritica steam cyclewith
aconventional wet scrubber for SO, emission control. After the test program is completed, the plant is
to operate as an independent power producer and serve asashowcase for LEBStechnology. Cost of the
POC plant will be $127 million, with DOE providing $34 million.

B. HHGH PERFORMANCE POWER SYSTEMS (HIPPS)

HIPPSisanindirectly fired cycle using both gasand steam turbines. Compressed and heated air isused
asaworking fluid inthe gasturbine. InaHIPPS cycle (see Figure 3), air is heated in a coa-fired high-
temperaturear furnace (HITAF) and, if necessary, natura gasor cod-derived fuel could befired into the
clean, hot air exiting the HITAF to raise the temperature. Theair isexpanded in the turbine, producing
more than half of thetotal power output. Heat recovered from the turbine exhaust and from the HITAF
flue gasis used to raise steam for the steam turbine. A portion of the turbine exhaust air is used for
preheating combustion air. Asexpected, the HIPPS cycle efficiency will increase as gasturbineinlet
temperaturesincrease (see Figure4). At thenomina inlet temperature of 1260°C (2300%F), the efficiency
iS47%, but it will gradually increase to 49% at 1371°C (2500°F).

The HIPPS program consists of three phases. Phasel, initiated in 1992, focused ontheanaysisof various
configurationsof indirectly-fired cycles and technical assessmentsof aternative plant subsystemsand



components. Phase Il, now underway, involves the development and testing of plant subsystems,
refinement and updating of the HIPPS commercia plant design, and the engineering design of aHIPPS
prototype plant.

Currently, two industry teams are devel oping different versions of HIPPS. These two teams are United
Technologies Research Center (UTRC) and Foster Wheeler Development Corporation (FWDC).

United Technologies Resear ch Center The UTRC designissimilar to that showninFigure3. The
key component isHITAF that extracts heat from the coal combustion with aradiative air heater and a
convectiveair heater connected in series[6]. Theturbineair isheated primarily by radiationto apand wall
and thento three air-carrying tubes|ocated behind the panel wall. The ceramic panel wall protectsthe
tubes from contact with corrosive coal combustion products.

Testing of aradiant air heater panel has been conducted at the University of North Dakota Energy and
Environmenta Research Center. Thispand, originally designedto heat air to 982°C (1800F), hasrunwith
an outlet air temperature exceeding 1094°C (2000°F) for over 1000 hours. Thesetests confirm theair
heater operability and suggest that the air heater design may be capable of operation at temperatures
substantialy beyond 1094°C. The current state of the art for air heaterswas about 760 € (1400 F). This
UTRC system has the potential to achieve an overal efficiency of 55%.

Foster Wheder Development Corporation The FWDC is developing a HIPPS that uses a pyrolyzer
to convert coa into fuel gasand char. Sorbent isadded to the pyrolyzer to capture sulfur to avoid sulfur
corrosionintheturbine[7]. After exiting the pyrolyzer, thefuel gasiscooled and then sent to the gas-
turbine combustor. Thechar isburnedinaHITAF, where steam israised for the steam turbine cycle and
air isheated for thegasturbine cycle. Air for the gasturbineisheated to 760°C (1400°F) intubesin the
HITAF. Cleanfud gasfrom the pyrolyzer isfired in the gas turbine combustor. The resulting gas at
1288°C (2350°F) entersthefirst stage of the gasturbine. Expansion of the air in the turbine produces
approximately half of the power output of the system. A portion of thevitiated air fromthe gasturbineis
utilized ascombustion air in the HITAF while the remaining portion goes through aheat recovery seam
generator (HRSG) before being discharged in thestack. Steam at 580°C (1075°F) and 18 MPa (2615
ps) isproduced and sent to the steam turbine, which generatesthe other half of the power obtained from
this system.

C. PRESSURIZED FLUIDIZED BED COMBUSTION (PFBC)

Inthe mid-1970s, the U.S. experienced serious energy crises by two oil embargoes. Because of these
crises, the government began exploring many new technology projectsthat held the promise of using cod,
the most abundant resource, to produce ectricity. Inafluidized bed combustor (FBC), cod isfed with
asorbent, limestone, to reduce sulfur fromthecoal. Sulfur released as SO, is captured by the sorbent and
removed withtheash. Theadvantagesof FBC compared to the conventional PC-fired plantsinclude: 1)
eader gting of the plant duetoitsrelatively smdl sze, and 2) fud flexibility of burning awiderange of cods
and wastes such astires and municipal and animal wastes.



FBC can be operated in bubbling, circulating, or transport reactor modes. And FBC can be either
atmospheric (AFBC) or pressurized (PFBC). Operationin apressurized mode reducesthe plant sizeand
increases the plant efficiency using both steam and gas turbines as a combined cycle configuration.

First-generation PFBC isapproaching commercidizationintheU.S. and abroad. A 70-MWeunit at the
Tidd plantin Brilliant, Ohio, was built and operated under the DOE Clean Coa Technology program. This
plantisone of fiveworldwidelarge-scale plants. The Tidd plant isabubbling fluidized-bed combustion
process operating at 12 atm (175 psi) with a bed temperature of 900°C (1650°F) [8]. Thetest results
indicated that 90% sulfur removal was achieved with acal cium-to-sulfur ratio of 1.1 and NOx emissions
were 64-142 g/GJ (0.15-0.33 1b/10° Btu). Heat rate was 10,280 Btu/kWh, or 33.2% efficiency, because
of the small-scale retrofit application.

Second-generation PFBC integratesthe combustor with apyrolyzer to fuel agasturbine (topping cycle),
thewaste heat from which isused to generate steam for asteam turbine (bottoming cycle) (see Figure 5).
Theinlet temperature of gas turbine will be 1094°C (2000°F). Foster Wheeler’s PFBC technology
integrated with Westinghouse' shot gasfilter and power generation technologieswill be demonstrated at
the 157 MWe L akdland' sMclntosh Power Station, Unit 4B, in Lakeland, Florida. Negotiationsare near
compl etion between DOE and the City of Lakeland, Department of Electric & Water Utilities. Withthe
increase in gas turbine inlet temperature, over 50% efficiency is possible for the combined cycle.

High-Temperatur e, High-PressureParticulate Control Toreducethethermal penalty of cooling gas
for cleanup, the high-temperature, high-pressure filters are being devel oped. These filters are also
applicableasahot gas cleanup component in an IGCC system. Filtersfor the | GCC system operate at
538-650°C (1000-1200°F), wheress filters being developed for the PFBC operate at the higher
temperatures, 650-815°C (1200-1500°F) [9].

Tidd Station dlipstream testing was conducted to assessthe readiness and economic viability of high-
temperature and high-pressure particul atefilter systems. The system provided by Westinghouse Electric
Corporation consstsof athree-cluster filter element, incorporating 384, 1.5-meter (5 ft) long alumina
mullite and clay bonded silicon carbide candle filters. The Westinghouse filter system has been
demonstrated 5854 hours, processing approximately 208 m3/min (7,360 acfm) gas from the 70-MWe
Tidd PFBC.

Also, asmaller filter system wasinstalled on the Foster Whedler pilot scale PFBC facility located in
Karhula, Finland, for additional testing. This10-MWt system holds 128 candlefiltersin asingle cluster
arrangement. The purpose of thistesting wasto find the effects of filter materials, coa and sorbent types
onfilter performance. Initid testsof clay bonded slicon carbidefilter e ementsat 843°C (1550°F) showed
that they are susceptibleto eongation by creep at thistemperature. Manufacturersthen reformulated the
materials to improve the creep resistance.

Oxidation of other silicon carbide-based filter elements has been observed at Karhula. Novel filter
elements have been fabricated using fiber reinforced ceramic composite technology. Onefilter under
development isfabricated by infiltration of abraided ceramic fiber preform with asilicon carbide coating.



Exposure of thismateria at Karhulahasled to spaling of the silicon carbide coating, reveding the bare
fibersunderneath. Asaresult of thistesting, novel oxide-based ceramicsare currently under devel opment.
During theinitial 2046 hours of operation using avariety of coa and sorbent types at the temperature of
up to 900°C (1650°F), no ash bridging was observed. However, later testing using adifferent limestone
resulted in ash bridging in the filter vessel.

Filter Element Development In 1994, four projects were initiated by awarding contractsto B& W,
Dupont Lanxide Composites, Pall Aeropower, and Westinghouse to devel op and test asecond generation
of damage-tolerant hot-gasfilters. Filtersdeveloped under this program are expected to be tolerant of
thermal stresses and to exhibit non-brittle behavior under mechanical loading. The B& W concept isan
alumina-based continuous fiber ceramic composite (CFCC) materia incorporating achopped fiber matrix
inafilament-wound continuousfiber structure. Dupont Lanxide Compositesare developing their PRD-66
material, which is a unigue microcracked oxide material that exhibits thermal shock resistance. Pall
Aeropower ishuilding oniron auminidetechnology developed at the Oak Ridge National Laboratory to
develop asulfur-tolerant porous metal filter for IGCC applications. Westinghouse, in conjunction with
Techniweave, is devel oping amullite-based CFCC filter material using athree-dimensional weaving
process. CFCC exhibits non-brittle mechanica propertiesand isresistant to thermal stresses. Thisfilter
has been exposed for dmost 2000 hoursin pilot scale PFBC facilitiesin Karhula Finland and at Power
Systems Development Facility at Wilsonville, AL.

D. INTEGRATED GASIFICATION COMBINED CYCLES (IGCC)

|GCC power plants have the advantages of superior environmenta performance, high energy efficiency,
and fud flexibility suitablefor repowering or new plant gpplications. Inan IGCC system, cod isgasified
at elevated pressures, typicaly 20to 30 atm, to produce afuel gaswhich isfiltered and desulfurized prior
to burning in acombustion turbine to produce dectricity. High efficiency is provided by the combination
of gasand steam turbines, and hot gas cleanup. The hot gas cleanup involvesremoval of particulatesand
sulfur, mostly H,S and some carbonyl sulfide, at the high temperature conditions.

The DOE IGCC program supportsthe Clean Coa Technology (CCT) demonstration projectsand also
smaller scale research and development (R& D) projects for long-term improvements.

The CCT program is a government-industry cooperative effort with $6 billion cost, 34% of whichis
provided by DOE. Currently there arethree | GCC demondtration projects under development to reduce
technical and financia risksin commercialization of the technology (see Table 2). Wabash River
Generating Unit began operationin November 1995, the TampaElectric Company’ s Polk Power Station
began operationin July 1996, and Sierra Pacific Power Company’ s Pifion Pine Station began operation
in January 1998.

The R&D program focuses on system development and improvements that include mainly hot gas
desulfurization and hot gas particulate control to improvethe efficiency and cost of theoverdl system. The
cleanup requirements of IGCC systems are much more rigorous than the federally mandated New Source
Performance Standards, because downstream equipment such as gas turbines



TABLE 2. IGCC Clean Coal Technology Demonstration Projects

CCT Projects Size, MW, Process Development Status
Pifion Pine IGCC Power project 99 Air-blown KRW agglomerating 0  Operationa since January 1998
(Sierra Pacific Power Company) fluidized bed gasifier with hot gas o  First operating plant to use hot-gas cleanup featuring a
cleanup transport desulfurizer

0  Capable of gasifying al types of coas

Tampa Electric IGCC Project 250 Texaco oxygen-blown entrained- o  First greenfield IGCC unit in commercial service
bed gasifier with hot and cold gas 0  Operationa since October 1996
cleanup 0  Operated with both coa and petroleum coke
0  25-MW, GE moving-bed desulfurization unit
0  Low heat rate of 9200 Btu/kWh
Wabash River Coal Gasification 262 Destec’ s two-stage, oxygen- o  First repowered IGCC unit in commercial service
Repowering Project blown, entrained-flow gasifier o  World'slargest single train IGCC
with cold gas cleanup 0  Operational since November 1995
o  Achieved 103% of rated capacity and 95% availability

require very low levels of sulfur and nitrogen compounds, particulates, alkali metals, and chlorine
compounds.

Hot-GasDesulfurization Theeffort to remove hydrogen sulfide (H,S) from the gasifier product gas has
two distinct thrusts: development of sorbents and reactor designs. Various sorbents have been formulated
and tested for severa reactor types, including moving-bed, fluidized-bed, and transport or entrained-bed
reactors.

Zinc-based sorbents are currently the most well-developed desulfurization sorbents and are near
commercialization with vendor warranties.

Research Triangle Ingtitute is devel oping two candidate sorbents for the Sierra-Pacific plant of CCT
program that includes EX-SO3 and MRCH-67. EX-SO3 isacommercially spray-dried sorbent [10].
Thisisahighly attrition-res stant sorbent with 99.7% sulfur removal from coa gasto 20 ppmv H,Sor less.
The sorbent wasregenerated at 537°C (1000°F) over 50 cycleswith improved reactivity compared to
the fresh sorbent. MRCH-67 isazinc-based sorbent prepared by a proprietary techniquein the 40- to
150-micron Szerange. Itsattritionindex isbelow 1% and it has been designed to provide a high remova
efficiency at temperatures aslow as 450°C. MRCH-61 (aprevious form) wastested in abench scale
reactor, demonstrating < 10 ppmv H,S exit concentration consistently with 60% to 100% capacity
utilization prior to breakthrough. Further optimization of sorbent formulation led to the development of
MRCH-67.

General Electric Environmental Services, Inc. has developed a moving-bed, high-temperature
desulfurization system in Schenectady, NY. A counter-current flow absorber with 5,443 kg (12,000 Ib)
of amixed-metal oxide sorbent isemployed for remova of H,Sfrom thefuel gasgenerated from an air-
blown gadifier at apressure of 20 atm and anomina temperature of 537°C (1000°F). An externad sorbent
regeneration loop produces an off stream of SO, suitable asfeed to asulfuric acid plant. Over 1000 hours
of testing have been completed in the 3-MWe scal e unit to investigate the performance and durability of



mixed-meta oxide sorbents. Control systems have been devel oped for automatic control of the integrated
gasifier/hot gas desulfurization system. Also, acirculating fluidized bed chlorideremoval systemwas
ingtaled and operated. Chloride can damage desulfurization sorbents and cause fouling of process piping.
Up to 95% chloride removal has been demonstrated using sodium bicarbonate with up to 50% bicarbonate
utilization.

DOE FutureProgram Inreview of changing market conditions, the DOE future | GCC program has
been refocused. The program will be more diversified toward the production of market-based energy and
chemica products. A variety of products such aseectricity, sleam, hydrogen, fuelsand chemicaswill be
produced to provide the maximum benefits to industry (see Figure 6).

[I. ENVIRONMENTAL CONTROL TECHNOLOGIES

The U.S. dectric utility industry has made considerable progressin reducing SO, and particul ate emissions
even though there hasbeen alargeincreasein coa consumption. Full implementation of current regulations
will result inan annual cap on power plant SO, emissionsof 8.9 million tons, down from morethan 14.5
milliontonsin 1990. Smilarly, reductionin NOx emissonsfrom U.S. utilitieshasbeenredized. Paticulate
emissionsfrom the utility industry in 1990 werelessthan 450,000 tons (for annual coal use of nearly 775
million tons) as compared with more than 3 million tonsg/yr in the early 1970s.

SO,and NOx Removal Technologies Thereareanumber of commercidly availabletechnologieswhich
are capable of reducing NOx and SO, emissionsto the levelsrequired by current regulations. Table3
summarizes better-known SO, and NOx removal technologies. Commercia SO yemoval processesare
wet scrubber systems based on calcium, sodium or magnesium sorbents. DOE has been devel oping dry
regenerarable sorbent systemsto reduce sorbent wastes and a so to produce a by-product from SO, such
as sulfuric acid, elemental sulfur or asulfate fertilizer. NOx removal technologies are based on
combustion modificationsthat include low NOx burners, overfireair, and reburning. Technologieswhich
destroy NOx downstream of the combustion zoneinclude selective catal ytic reduction (SCR) and selective
noncatalytic reduction (SNCR).

Particulates (PM,.) Currently, amost al of the nearly 1200 coal-fired power plantsinthe U.S. are
equipped with some type of particulate control technologies. The most popular technology is electrostatic
precipitators (ESP) installed on morethan 915 of the units, followed by baghouseswith nearly 9% of the
market. Baghouses and ESPswith removal efficiencies exceeding 99.6% and 99.8%, respectively, are
currently available at moderate costs. However, anew fleet of particulate control technologieswould be
needed with higher efficienciesand with capabilitiesto capture much finer particles, PM,, . (particulate
matter with an aerodynamic diameter equal to or less than 2.5 microns), as required by new standards.

TheU.S. Environmenta Protection Agency (EPA) haspromulgated anew regulation for Nationa Ambient
Air Qudity Standards controlling particulate matter concentrationintheair. PM, . arethought to bethe
cause of most of the health and visibility impairment. The new standards establish

an annual mean limit of 15 pg/m? and a 24-hour limit of 65 pg/méfor PM,, ..



TABLE 3. Examplesof SO, and NO, Control Systems

Pollutants Typical Efficiency Estimated Capital Cost
Technology Removed (%) ($/kwW)
Wet FGD (LSFO) SO, # 99 130
Wellman-Lord SO, 98 380-- 440
MgEL SO, 98 215- 240
Spray Dryer SO,, Hg, Cl 75-90 140 - 210
Duct Injection SO, 50-70 70- 120
NOXSO SO,/NO 80-90 (NO,), 280 - 380
90-99 (SO,)
Copper Oxide SO,/NO, 90-95 (SO,) 260 - 340
80-90 (NO,)

SNRB SO,/NO,/PM 70-90 (SO;) 275 - 365

90 (NO,)

99+ (PM)
SNOX SO,/NO, 95 (S0O,) 320- 470

90 (NO,)
LNB/OFA NO, 35-70 10- 25
Reburn NO, 40 - 65 20-50
SCR NO, 80- 90 50- 75
SNCR NO, 35-50 10-20

PM, . may beformed in two manners: They may be directly emitted from the sourceinto the atmosphere
(primary emissions) or may beformed asaresult of gas or vapor reactionsin the atmosphere (secondary
emissions). PM, . tend to be the secondary emissions, resulting from the chemical reaction of gaseous
combustion products such as SO, and NOx, and their control is a potential issue.

Air Toxics (Mercury) The 1990 Clean Air Act Amendments identified 189 substances that are
designated ashazardousair pollutants (ar toxics). These substancesarechemicdss, including heavy metds
and organic compounds in both solid and gaseous forms, known to pose arisk to human health. A
sgnificant number of theair toxics, at least 37, are known to be emitted from cod combustion systemsas
aresult of their presence astrace e ementsin coa mineral matter and the various organic compounds
formed during the combustion process. However, thereis considerable uncertainty inthe quantification of
toxic emissionsfrom coa -based combustors dueto variability of trace element concentrationsin cod,
variation in design/operation of combustors, etc. One of these eementsthat is getting much attention due
to its quantity and toxicity is mercury.

Mercury emissions to air and releases to water occur both naturally and through human activities.
According to the most recent emissionsinventory (1994-95), mgor emitters of mercury to the aamosphere



inthe United Stateswere e ectric utilities, municipa waste combustors, commercid and industrid boilers,
medical waste incinerators, and chlor-alkali plants. Until the middle of the decade, municipal waste
combustors, hazardous waste combustors, and medical wasteincineratorswere the leading emitting source
category but they have recently been regulated by the EPA. The EPA estimates that emissions from
municipa waste combustors and medica wasteincineratorswill decline by 90% from 1990 levelsby 2000
asaresult of these limits.

Coal-fired utilities are now theleading man-made source of mercury emissionsintheU.S. Of the 5,000
tons of global mercury emissions estimated to have been produced in 1994-95, U.S. coal -fired power
plants contributed about 51 tons, or 1%. Thisrate of mercury emissionsrepresented 33% of the 158 tons
of mercury released in the U.S. for the sametime period. Although cod fired utilities are now the leading
source of U.S. anthropogenic emissions, EPA has deferred a determination to regul ate these emissions.
The EPA Mercury Study Report, publishedin 1996, indicatesthat most control technologiesfor coa-fired
boilersarein theresearch stages, makingit difficult to predict final cost effectiveness and time needed to
commercialize the technologies.

CO, Mitigation One of the recent concerns on burning fossil fuel is generation of CO,, whichis
considered as one of the main greenhouse gases. There are basically three technical options for CO,
mitigation: &) decarbonizationthat isreducing thecarbonintensity of fuels, b) efficiency improvement on
combustion processes, and ¢) CO, sequestration.

Decarbonization is the trend that has been underway for the past 100 years. As technology has
progressed, society has moved to cod, then oil, and natural gas. On average, using codl, oil, and gasfor
energy production emitsabout 200, 180, and 120 Ib of CO, per million Btu of heat input, respectively.
Consequently, natural gas may be favored asit is aless carbon intensive fuel. However, long-term
availability of gasreservesand delivered pricesaretheissues. Other sourcesare renewable energy, such
ashydro and biomass, which aready provide nearly 12% of U.S. ectricity and more than 20% of world
electricity production. Each of these energy sources hasits own set of environmental and cost issues.

Improving the combustion/cycle efficiency isa*no regret” way to reduce CO, emissions. Advanced
technol ogies can improve the efficiency and contribute to CO, emissions reduction. But improving the
efficiency alone will not be enough to solve the CO, emissions issue over the long term.

Sequedtrationistheremaining option, that is CO, capture, reuse, and disposal. At power plants, CO ¢an
be recovered, concentrated and then transported off-site for long term storage. The storage options
include: injecting CO, into depleted oil and gaswellsor sdine aquifers, injecting it deep into the ocean; and
injecting it into deep, unmineable coa seams. 1n 1997, the DOE issued aresearch solicitation for novel
conceptsfor theinexpensive capture, reuse and permanent disposal of greenhouse gases, and selected 12
research projects that ranged from the use of carbon dioxide absorbing-agae to deep-ocean disposal.
These research projectswill begin exploring whether practical, affordable methods can be developed to
prevent greenhouse gases from building up in the atmosphere.



1. CONCLUDING REMARKS

Substantia advancesare being madein coa-fired power plant technology for cleaner, moreefficient and
more affordable plantsfor the 21st century. LEBSismoving towardscommerciaization, with ground
breaking for LEBS proof-of-concept plant scheduled for the summer of 2000. Engineering development
of HIPPSiscontinuing. A recent successful test of aradiant air heater showing the capability to heeat air
to 1100°C has demonstrated the basic soundness of thedesign. Hot gasfilter testing has been successful
over 2000 hoursfor advancing PFBC and |GCC technol ogies to more efficient plants. Furthermore,
IGCC is moving toward product diversification, producing both energy and chemical feedstocks.
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Figure 1. LEBS Commercial Generating Unit (DE Riley)
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Figure 2. Low Emission Boiler System Efficiency
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